FDCP-Mix, a pluripotent murine hemopoietic stem cell line undergoes intemudeosomal cleavage of DNA when induced to apoptosis either by drugs or by withdrawal of growth factor (IL3), and also displays a pattern of nuclear morphology that is typical for apoptosis. However, increased autolytic activity in the cytoplasm precedes the nudear changes. For etoposide-treated FDCP-Mix cells, mitochondria were identified as a target for autolytic digestion in large autolytic vacuoles, but during this period an increase in the number of mitochondria was observed. The autolytic vacuoles displayed variations in their content. Large, electron-dense inclusions resembling "condensed chromatin" could regularly be found in FDCP-Mix cells treated with low concentrations of etopo-
Introduction
Apoptosis is an active self-destruction process observed in eukaryotes, initiated as a result of a coordinated expression of genes (24). The self-destruction is mediated by protease and nuclease activities (8) . During apoptosis, the cells undergo characteristic morphological changes (34). Most prominent is the segregation of "condensed chromatin" within the nucleus, which is commonly used as a morphological marker for apoptotic death. The relation between enzymatic activities and ultrastructural changes during apoptosis in general is far from being understood (17), particularly in the case of proteolytic reactions within the cytoplasm, which may trigger the apoptotic process (8) .
Mitochondria display perhaps the earliest symptoms of welldefined ultrastructural cytoplasmic changes during cell death (I), with a decrease in mass in apoptotic cells (5) . We studied the mitochondrial decline in FDCP-Mix, a pluripotent murine hemopoietic ' Supported by the Cancer Research Campaign, UK and by the Well-' Correspondence to: Dr. T. D. Allen, Paterson Inst. Christie Hospital come Trust, UK. SR is recipient of a Wellcome Trust studentship. NHS Trust, Wilmslow Rd., Manchester MZO 9BX. UK. side (<4 pM). Confocal fluorescence microscopy and DNAse-gold labeling were employed to demonstrate the presence of DNA in the formation of the electron-dense inclusions within autolytic vacuoles. The identification of mitochondrial macroautophagy, the evidence for an etoposideinduced proliferation of mitochondria, and the fact that electron-dense inclusions are formed at a stage when the morphology of the nudeus is still not effected, suggests that the DNA within the autolytic vacuoles may be of mitochondrial origin. (J Histochem Cytochem 44549-558, 19%) stem cell line that undergoes typical internucleosomal cleavage of DNA and chromatin condensation when induced to apoptosis by drugs or by withdrawal of growth factor (IL-3) (10, 11, 26, 27, 32) . For FDCP-Mix cells treated with the topoisomerase I1 inhibitor etoposide, however, we found an increase in mitochondrial mass before its final decline during apoptosis (25) . Simultaneously with this initial increase in the number of mitochondria indicated by flow cytometric studies, a massive cytoplasmic vacuolation has been observed in thin sections. The vacuoles in FDCP-Mix were identified as autophagosomes involved in the digestion of mitochondria (7, 12) . The content of the autolytic vacuoles is heterogeneous and includes remnants of mitochondrial membrane when higher concentrations of etoposide are used. This article draws attention to the electrondense, chromatin-like material accumulated in autolytic vacuoles. The circular vacuolar inclusions in the cytoplasm are comparable in their density to condensed chromatin characteristic for morphological apoptosis of the nucleus. At this stage, however, the nucleus does not display chromatin condensation. Fluorescence microscopy of DNA-stained cells and DNAse-gold labeling (2.3) were employed to investigate whether DNA is involved in these vacuolar inclusions. The results are discussed in the context of the autophagy of mitochondria and their increased proliferation after etoposide treatment. 
Materials and Methods

Cefl Culture
The FDCP-Mix cell line is a pluripotent hemopoietic stem cell derived from long-term cultures of mouse bone marrow (30). These cells are nonleukemic and karyotypically normal, and are dependent on interleukin-3 (IL3) for their survival and self-renewal. Cells were routinely maintained in Iscove's medium supplemented with 20% horse serum and 2% conditioned medium from X63Ag8-653 cells as a source of IL3 (15J6). The cells were plated at 5 x 103/ml in culture medium. For drug treatment, cells were incubated in the presence of etoposide (VP-16; Sigma, Poole, UK). Depletion of IL3 was performed as described elsewhere (11).
Con focal Microscopy
Cells were spun onto poly-L-lysine (Sigma)-coated coverslips and fuced with 3% glutaraldehyde in 0.15 M Sorensen's buffer (pH 7.4) for 20 min. This was followed by staining with 32 pM propidium iodide (Sigma) diluted from a 3.2 mM stock solution for 20 min. Confocal microscopy was performed using a Laser Scan Microscope LSM 10 (hiss; Oberkochen, Germany). The 516-nm line of the argon laser was used in combination with filter OG 550 as a barrier filter. For detection of the propidium iodide fluorescence with its maximum at 630 nm, a bandpass filter BP 565-640 was switched in the beam of the reflected fluorescence light. Images were obtained with a Zeiss Plan-Apwhromat x63/1.40 oil objective. Optical sections through the middle planes of cells were taken at a step width of0.5 pm.
Electron Microscopy
Epoxy Resin Embedding. Cell pellets were fixed in 2.5% glutaraldehyde in 0.15 M Sorensen's buffer (pH 7.4) for 1 hr. After three buffer washes the pellets were postfixed in 1% os04 in Sorensen's for 1 hr. Subsequently, the pellets were dehydrated in ethanol and embedded in epoxy resin (Agar 100). Thin sections 60-80 nm thick were mounted on copper grids and observed in the TEM.
Lowicryl hbedding. For DNA*-gold labeling, cell pellets were fixed in 4% paraformaldehyde and 0.1% glutaraldehyde in 100 mM PBS (pH 7.4) for 1 hr. The fixed pellets were rinsed in PBS and dehydrated in a ethanol series at -2O'C. Ethanol was replaced by Lowicryl HM20. Lowicryl was N2-bubbled to remove 0 2 , and screw-capped vials were used to avoid its contact with air. Finally, the samples were transferred into transparent beam capsules, which were filled with freshly prepared Lowicryl. Polymerization was complete after 24 hr of uv light exposure at -30'C. Thin Lowicryl sections 60-80 nm thick were mounted on nickel grids.
DNAse-Gold
Labeling. DNAse-gold labeling has been described in detail elsewhere (2,3). DNAse-gold was provided as a conjugate of IO-nm gold particles to DNAse I in distilled water, pH 7.0 (E-Y Laboratories; San Mateo, CA). The enzyme-gold stock solution was diluted 1:10 in PBS containing 0.02% (0.2 mg/ml) polyethylene glycol (PBS+PEG) at the optimal pH for DNAse activity (pH 6.0). After preincubation in PBS+PEG (pH 6.0) for 5 min, samples were incubated in DNAse I (Boehringer; Mannheim, Germany)/DNAse I-gold for 45 min in a wet chamber at 37'C. (DNAse I/DNAse I-gold were prepared 15 min before ux at a ratio of 1:1 and were kept at room temperature). For control, samples were incubated with DNAse I for 30 min at 37'C before incubation with DNAse IIDNAse-gold (1:l). The sections were counterstained with uranyl acetate and lead citrate and were viewed at 80 kV in a Philips electron microscope (Philips EM 400).
Results
Morpho fogical Studies Sy Electron Microscopy
A consistent low level of incidence of autolytic vacuoles with a heterogeneous morphology is routinely observed in FDCP-Mix cells maintained under physiological conditions (Figure 1) . The single membrane-bound vacuoles contain small granules and dense-cored vesicles. In some of these vacuoles, electron-dense material has accumulated.
We studied the role of these vacuoles after etoposide-treatment and after withdrawal of IL3 growth factor. FDCP-Mix cells treated in both ways undergo cell death by apoptosis, characterized by socalled condensation of chromatin and internucleosomal cleavage of D N A into a "ladder" (10,26,27). The kinetics of the experimental system have been investigated by the flow cytometric propidium iodidelHoechst assay (27), and correlatively by electron microscopy, to ensure that most of the cells die by apoptosis rather than by necrosis. Because tissue culture populations do not enter the execution phase of cell death synchronously (9), we have performed observations in time-course experiments for various concentrations of etoposide. This ensures that our data for the early drug response within the cytoplasm of FDCP-Mix is truly representative.
Etoposide treatment causes a dramatic increase in cytoplasmic vacuolation compared to the "baseline" autolytic activity (compare Figure 1 with Figures 2 and 3). Vacuoles in etoposide-treated cells come to occupy large areas of the cytoplasm and may measure u p to 2.5 p m diameter. Some cells accumulate extremely high amounts of electron-dense material within these autolytic vacuoles ( Figure  3 ). The electron density of these inclusions often varies within vacuoles of individual cells and can easily exceed the electron density of staining for heterochromatin (for details of the fine structure of such an electron-dense vacuolar inclusion, see Figure 8A ). It shows an appearance that is comparable to condensed chromatin typical of the nuclear morphology during apoptosis.
Less developed electron-dense inclusions were observed in au- interpreted as a functional role for autolytic vacuoles in the degradation of mitochondria. Myelin figures (12) were found regularly at mitochondria of etoposide-treated samples, sometimes in close apposition to or in connection with the autolytic vacuoles ( Figure  >A) , which suggests a functional involvement of the myelin figures in the fusion between mitochondria and vacuoles. However, the actual fusion process can rarely be seen in thin sections. Statistically, about 500 mitochondria close to vacuoles must be scored to locate the place for direct contact between a mitochondrion and a vacuole in thin sections. Whereas the breakdown of the mitochondrial membrane could be recorded, no further easily recognizable residues were observed. This suggests a very effective and potentially rapid mitochondrial autolysis. A different morphology was found for FDCP-Mixcells that were exposed to higher concentrations of etoposide (4 pM and above) ( Figure 2 ). Recognizable mitochondrial remnants appeared regularly as part of the heterogeneous content of autolytic vacuoles of these cells ( Figures 5C and 7A ). The osmophilic staining of the mitochondrial remnants determined the overall appearance of the vacuoles. However, the heterogeneous content varied in its contribution. which suggests that the vacuoles containing mitochondrial remnants have emerged from vacuoles seen under physiological conditions, after withdrawal of IL-3 growth factor. or with low concentrations of etoposide. Moreover, comparative studies of FDCP-Mix depleted from IL-3 have shown that an increase in vacuolation is characteristic for apoptosis in FDCP-Mix. independently of the stimulus of death.
When apoptosis progresses towards characteristic condensation of chromatin, the plasma membrane consistently displays large invaginations and attachment ofwhole or remnant vesicles at the surface of the cell (Figure 4) . The observed increase in the number of invaginations during cell death is unlikelv to indicate phagocytic activity. Therefore, we suggest that FDCP-Mix cells are able to release large vacuoles as a whole in a "pseudo"-exocytic pathway. In addition, a limited number of cells among the FDCP-Mix population may well be phagocytic. which is indicated by 1-3% "spontaneous" monocyte differentiation within the cell population (27).
Light Microscopic Visuulizution of Extrunucleur DNA Inclusions
DNA staining was used to determine if the large inclusions found in the cytoplasm of FDCP-Mix had DNA content. Confocal microscopy was employed to ensure that these inclusions are clearly separated from the cell nucleus and therefore are not related to the chromatin condensation during apoptosis. Figure 6A shows propidium iodide-stained DNA inclusions. which are clearly identified in the cytoplasm. Compared to the nucleus, the cytoplasmic inclusions show variable size and intensity in staining with propidium iodide. and this is consistent with the electron-dense material seen in thin sections (Figures 3 and 8A) . The phase-contrast image in Figure 6B also shows other cytoplasmic vacuoles in addition to those staining for DNA. Nevertheless, the location of the nucleus can still be recognized. 
DNAse-Gold LaSeling of Electrondense Inclusions and Mitochondriul Remnants in Autolytic Vacuoles
Lowicryl sections have been used for DNAs-gold labeling. Although these preparations do not preserve membranous structures, vacuoles can be clearly identified in the cytoplasm as large circular areas free of ribosomes ( Figures 7B and 7C) . Some details of their content can also be recognized, i.e., electron-dense inclusions, some granular structures correlating with dense-cored vesicles and small vesicles in epoxy resin sections (compare Figure 8A with Figure 8C ), and also mitochondrial remnants (compare Figure 7A with Figure  7C ). Mitochondria in the cytoplasm and mitochondrial remnants in the autolytic inclusions both appear dark in contrast by uranyl acetatellead citrate staining.
Our findings of DNAse-gold labeling are consistent with those of Bendayan (2,3). DNAse-gold labeling displays a typical concentration of gold particles in the heterochromatin region of the nucleus and at the nucleolar periphery ( Figures 7B and 7C ). Autolytic vacuoles (marked in Figure 7B ) were clearly positive for DNAse-gold labeling. The detail of an autolytic vacuole shows that areas which are filled with granular material, corresponding to dense-cored vesicles or small granules, are almost free of gold labeling ( Figures 7C and 8C ). However, mitochondrial remnants, which could be identified by their mitochondrial shape and size, were clearly labeled ( Figure 7C ). In contrast, most of the mitochondria in the cytoplasm are not labeled. Although some parts of the cytoplasm displayed labeling, this was significantly below the concentrations of gold particles in autolytic vacuoles and the nucleus, but clearly above the background staining of the control.
Particularly intense gold labeling was observed for vacuoles that were filled with electron-dense content, correlating to the chromatin-like material in epoxy resin sections. Figure 8B shows an etoposide-treated cell with many particularly electron-dense inclusions. The DNAse-gold labeling is specific for the electron-dense inclusions. Areas of the vacuoles outside the segregations are almost free of labeling ( Figure 8C ).
Discussion
This work draws attention to morphological changes in the cytoplasm, which precede the morphological signs of apoptosis of the nucleus. Recently, the decline of mitochondria in apoptotic cell populations has been reported by Cossaritza et al. ( 5 ) . We could confirm these finding for etoposide-treated FDCP-Mix cells by flow cytometric studies. Intense macroautophagy of mitochondria by autolytic vaucoles was found to be involved in this process (25). Etoposide-treated FDCP-Mix might be particularly useful for studies of the autolytic processes, because they die only after an initial increase of the mitochondrial mass accompanied by intense vacuolation (25). The effect of the topoisomerase I1 inhibitor etoposide on the mitochondrial metabolism in FDCP-Mix appears to represent an unreported side effect of this anticancer drug, which is believed to cause strand breakage of nuclear DNA in target cells soon after exposure (4.22). However, recent data concerning the effect of etoposide on kinetoplast minicircles, a component of trypanosome mtDNA, indicate that the mechanism of the replication of mtDNA might be affected in some way for mammalian species also (28).
In etoposide-treated FDCP-Mix cells, the number of vacuoles that contain large electron-dense inclusions is increased. We identified the involvement of DNA in these structures by DNAse-gold labeling and correlative studies of DNA-stained cells in the light microscope. Whereas DNAse-gold complexes might also be bound to actin (6, 14, 31) , propidium iodide binds to nucleotides exclusively. The morphological chromatin-like substructure and the compartmentization of the electron-dense aggregations in vacuoles make involvement of actin binding in the labeling of autolytic vacuoles even more unlikely. However, the cytoplasmic labeling outside vacuoles, which was above the background level of labeling in the controls, might be related to actin binding. Actin, in addition to being a ubiquitous cytoplasmic component, has also been localized specifically around individual mitochondria (2 1).
Cytoplasmic DNA has been localized in the past using the nucleotide stain DAPI for fluorescence microscopy. It has been anticipated that cytoplasmic DAPI staining originates from mitochondria (33), and the accumulation of DAPI in large cytoplasmic spots of yeast has been interpreted as aggregated mitochondrial DNA (mtDNA) (20). We demonstrate for FDCP-Mix by correlative light and electron microscopic studies that cytoplasmic DNA aggregations in eukaryotes are not necessarily associated with mitochondria. However, mtDNA might be degraded and accumulated in autolytic vacuoles. As a part of a drug-induced cytoplasmic vacuolation, this process appears to be significantly enhanced after treatment with etoposide (<4 pM). The digestion of mitochondria might be increasingly disturbed at higher concentrations of etoposide, as indicated by the large amounts of undigested mitochondrial 4 Figure 7 . (A) An autolytic vacuole containing mitochondrial remnants (arrows) in a conventionally fixed epoxy resin section for comparison with the morphological appearance of similar vacuoles in Lowicryl sections (see C). Apart from mitochondrial remnants, the vacuole is partially filled with granular structures (G). (B,C) DNAse-gold labeling of vacuoles containing mitochondrial remnants after etoposide treatment. (B) Overall appearance of an etoposide-treated FDCP-mix cell in a Lowicryl section. Although membranes are not preserved, the nculeus and large autolytic vacuoles can be recognized. The DNAse-gold preferentially labels heterochromatin, the periphery of a nucleolus adjacent to the nuclear border, and those parts of autolytic vacuoles at which the mitochondrial remnants are located. for details of the vacuolar labeling see C. (C) Detail of two autolytic vacuoles filled with mitochondrial remnants. The remnants have similar electron density as epoxy resin sections (A). Comparison to A, absence of osmium fixation produces an appearance of membranous borders that lack contrast. Whereas the vacuole on the lefl is densely packed with DNAse-gold-labeled membranous mitochondrial remnants, the vacuole on the right also exhibits areas free of DNAse-gold labeling which may correspond to the granular particles (G) in A. The vacuoles are surrounded by aggregated mitochondria in the cytoplasm, which appear gray in contrast and display limited inner details. The intensity of labeling for the mitochondrial remnants inside vacuoles is only slightly lower than the labeling for heterochromatin (arrowheads) but is more difficult to recognize against the darker background staining. Cytoplasmic labeling for DNAse-gold shows a significantly lower density. Some gold particles are observed over mitochondria in the cytoplasm and may label mitochondrial DNA. Other gold particles in the cytoplasm may be associated with actin. Parallel control preps indicated that unspecific background labeling is very low (not shown). Original magnifications: A x 43,000; B 15,200; C x 19,500. Bars: A s 500 nm; B,C = 1 pm. membranous remnants inside the vacuoles (25) (Figure 2 ). The DNAse-gold-positive labeling of these remnants indicates a possible mitochondrial origin for the DNA. At early stages of apoptosis, when the nuclear morphology was unaltered, the electron-dense contents of the autolytic vacuoles displayed a morphological appearance comparable with that of condensed chromatin. The answer to the question ofwhether or not mtDNA might be fragmented during apoptosis to result in a similar appearance to nuclear DNA fragmentation is controversial. Murgia et al. (23) reported that mtDNA is not fragmented during apoptosis induced by either deprivation of mitogenic factors or addition of dexamethasone. These results obtained by running isolated mtDNA for Southem blot analysis were challenged by Yoneda et al. (35) . They performed studies of mtDNA fragmentation by polymerase chain reaction (PCR) analysis. The results obtained by this method for human fibroblasts exposed to oxygen stress to undergo apoptosis indicate a fragmentation of mtDNA. Because the supposed fragmented mtDNA of FDCP-Mix is accumulated in autolytic vacuoles, the cytoplasmic vacuoles would have to be isolated for studies of mtDNA fragmentation in this cell line rather than mitochondria.
The mtDNA makes up less than 1% of the total cellular DNA (13). However, this does not exclude the possibility that much more mtDNA has been accumulated and degraded in the autolytic vacuoles of FDCP-Mix. The ratio between mitochondrial proliferation and turnover will determine how much mitochondrial DNA is finally accumulated in these vacuoles. Although not quantified in absolute terms, mitochondrial proliferation has been increased in FDCP-Mix cells after etoposide treatment (but not for IL-%depleted cells) ( 2 5 ) . This, together with the intense cytoplasmic vacuolation observed for etoposide-treated FDCP-Mix, supports the suggestion of an increased turnover rate of mitochondria.
The rate of mitochondrial turnover under physiological conditions has been determined for rat liver by measuring the half-lives of radioactively labeled mitochondrial subfractions and proteins (19) . It was found to be between 2.8 and 3.9 days for different mitochondrial compartments. Unfortunately, the approach to an exact measurement of mitochondrial turnover was not accompanied by studies of mitochondrial degradation by electron microscopy. Nevertheless, studies of mitochondrial turnover on mitochondrial subfractions came to interesting conclusions. Lipsky and Pedersen suggested a random breakdown of mitochondria in which their removal is not organized by principles of their "age." Instead, positional differences within the cell (e.g., proximity to a lysosome) may govem the degradation of the mitochondria. Moreover, a shorter half-life in their experiments for the outer membrane fraction of the mitochondrion indicates that the outer membrane of the mitochondrion breaks down earlier than the inner membrane and the mitochondrial matrix.
Our observations for FDCP-Mix cells may contribute to the understanding of the degradation process. We found no mitochondrial degradation that was apparently initiated by alterations in size or internal organization. However, myelin figures may already indicate an early stage of mitochondrial decline and may be indicative of early stages of fusion to adjacent autolytic vacuoles ( Figure  SA) . No engulfment of the mitochondrion by large autophagosomes was observed as was suggested by Lipsky and Pedersen (18) . Instead, a local opening of the mitochondrial membrane at the point of contact with the autolytic vacuole appears to take place. Different results in the study of mitochondrial turnover (19) indicate that degradation mechanisms for mitochondria may differ in different cell types. We can confirm this suggestion for lymphocytic leukemic MOLT-4 cells, in which we monitored the sequence of events in mitochondrial degradation in parallel with our studies of FDCP-Mix (unpublished observations). In contrast to FDCP-Mix, mitochondria in MOLT-4 are degraded by internal digestion of the mitochondrial content after contact with a lysosome. Myelin figures play no role in this process. The digestion process lyses the cristae and transforms the mitochondrion into an "empty" vacuole. Therefore, we suggest that large mtDNA inclusions within autolytic vacuoles inside FDCP-Mix are formed as a result of a particular pathway for the mitochondrial degradation that is not necessarily in common with other cells. This might be correlated with the stem cell and multiple differentiation options possessed by the FDCP-Mix cell line (15,30). 
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